One sentence summary: Bifidobacterium animalis BF052 is expected to apply as an effective probiotic starter in fermented soymilk as one of its food vehicles. BF052 still exhibits probiotic properties under stressful environmental conditions during food-manufacturing processes and storage. Editor: Akihito Endo
INTRODUCTION
Members of the genus Bifidobacterium represent one of the most predominant groups in the intestines of breast-fed infants and are frequently used as probiotic ingredients due to their perceived role in the maintenance of the intestinal microflora balance (Ventura et al. 2007; Duranti et al. 2017) . One of the basic requirements for probiotic application is that prospective probiotics should maintain their viability and stability during commercial production as well as identify compatibility when added to end products. In addition, the strains should resist gastrointestinal (GI) stresses and be metabolically active within the GI tract (Sharma et al. 2014) . Bifidobacterium animalis subsp. lactis BF052 (BF052) originated from healthy breast-fed Thai infants was demonstrated high survival under stressful conditions throughout the manufacturing processes. In addition, the impact of a food-processing chain as well as the freeze-drying process, storage of freeze-dried powders and incorporation of freeze-dried cells in food matrix do not affect the probiotic properties of BF052 (Charnchai et al. 2016) . In this report, the genome of BF052 was completely sequenced and analyzed to understand the genetic insights into its adaptive responses to adverse effects during passage through industrial and/or nutritional environments. An understanding of the genetic basis of BF052 as a technological and functional probiotic starter is useful in the development of suitable food matrix with specific benefits to consumers. Physicochemical and sensory properties of fermented soymilk produced by commercial starters and BF052 were also evaluated to provide preliminary guidelines for developing a new probiotic-containing product.
MATERIALS AND METHODS

Bacterial strains and genomic DNA preparation
Strain BF052 was previously isolated (Charnchai et al. 2016) , and deposited at the SUT probiotic culture collection under accession number SUTP-BF052. The commercialized starters, Streptococcus thermophilus and Lactobacillus bulgaricus, were kindly provided by Dutch's Mill Co. Ltd, Thailand. All strains were grown anaerobically at 37
• C in Streptococcus thermophilus broth (ST; HiMedia, Mumbai, India) for S. thermophilus, DeMan, Rogosa and Sharpe broth (MRS; Oxoid Limited, Hampshire, UK) for L. bulgaricus and MRS broth supplemented with 0.05% L-cysteine hydrochloride (MRSc; Merck, Darmstadt, Germany) for BF052. The genomic DNA of BF052 was extracted according to the method of Miura (1967) .
Genome sequencing and annotation
The whole genome of BF052 was sequenced using the Illumina HiSeq platform (Baseclear, Leiden, The Netherlands). The Illumina FASTQ reads were assembled using the De novo assembly option of the CLC Genomics Workbench version 6.5.1 (CLC bio, Aarhus, Denmark). The generated contigs in total length of 1.9 Mbp were further concentrated from 51 contigs into 15 scaffolds using the SSPACE Premium scaffolder version 2.3 (Boetzer et al. 2011) . The gapped regions within scaffolds were partially closed in an automated manner using GapFiller version 1.10 (Boetzer and Pirovano 2012) . Remaining gaps in the sequences were closed through primer walking on the amplified products. The complete genome was annotated using the NCBI Prokaryotic Genomes Automatic Annotation Pipeline. Analysis of protein functions were categorized according to the database of clusters of orthologous groups (COG) (Wu et al. 2011) . The reference genomes used for comparison were obtained from NCBI database. Genome visualization and comparison tools were facilitated using Vector NTI advance 11.0 (Lu and Moriyama 2004) . The phylogenetic tree was constructed using software MEGA 6.0 by the neighbor-joining method with 1000 replications in bootstrap test.
Soymilk preparation
About 250 g of whole soybeans were soaked for 4 h in distilled water. After decanting the water, the soybeans were mashed and blended with 1500 mL of distilled water. The slurry was filtered through a double-layered cheesecloth to extract the soymilk, and sterilized by autoclaving at 110
• C for 15 min. ) and L-cysteine hydrochloride (0.5 g L −1 ). All plates were incubated in anaerobic conditions at 37
Soymilk fermentation and its sensory evaluation
Texture analysis was carried out using a texture analyzer TA.XT.plus (Stable Micro Systems, Surrey, UK). A 60
• cone probe was moved at a test speed of 10 mm s −1 from the fermented soymilk surface until a distance of 20 mm within the sample was reached. The firmness (gel strength) was calculated as a total positive area from the texture analysis profile by plotting the loading force (N) versus time (s), which indicated the strength to break it. The sensory preferences of fermented soymilk prepared in combination with S. thermophilus, L. bulgaricus and BF052 were evaluated by 30 untrained panelists. Fermented soymilk incubated at 12 h, 16 h, 20 h and 24 h was scored in term of appearance, odor, texture, taste and overall acceptability through a hedonic 9-point scale in which 9 = 'like extremely,' 5 = 'neither like nor dislike' and 1 = 'dislike extremely.'
Statistical analysis
Data were analyzed using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Statistical differences in multiple groups were determined by one-way analysis of variance (ANOVA) followed by multiple mean comparisons with Duncan's test. All data were displayed as mean ± standard deviation and P ≤ 0.05 was statistically significant.
RESULTS AND DISCUSSION
Genome feature of BF052
The complete genome sequence of BF052 was composed of one circular chromosome of a 1938 624 bp carrying 1536 coding genes, 12 rRNA operons and 52 tRNA genes. No plasmids were found in BF052. An average GC content of the entire sequence was 60.5%. Table 1 summarizes general genome characteristics of BF052. Figure 1A also compares its genome through BLASTN analysis with other publicly available Bifidobacterium strains. A total of 1405 of the 1536 (91.5%) predicted protein-coding sequences were functionally categorized according to the COG databases as shown in Fig. 1B . About one-third of the genes identified in the BF052 genome were predicted to be involved in metabolism and transport, 42.1% were assigned to cellular functions, 16.3% protein-coding sequences were conserved domains of uncharacterized function and only 8.5% lack similarity to entries in the public databases. The complete genome sequence BF052 has been deposited in GenBank under accession number CP009045.
Genes involved in stress responses during food processing of BF052
In the manufacturing processes, the preparation of bifidobacterial cells at the recommended level of 10 6 -10 7 CFU mL −1 of a product represents a major technological challenge due to several factors that affect the viability of bifidobacteria during manufacturing and storage, such as changes of temperature, oxygen and pH (Shori 2015; Amund et al. 2016) . Charnchai et al. (2016) demonstrated that BF052 exhibited resistance to freezedried conditions during cell preparation, and showed high survival rate while stored as freeze-dried powder at refrigerated temperatures for 6 months. After passing BF052 cells through the food-processing chain, they still displayed a similar ability to withstand an in vitro model of the human GI tract and exhibited no significant variations (P > 0.05) in adhesive ability to Caco-2 cells in comparison with non-challenging conditions. Screening of BF052 genome sequences revealed genes involved in adaptive responses that allowed BF052 to contend with temperature, oxygen, acidic and bile stresses as well as predicted genes responsible for adhesive ability (Fig. 2 ). Based on gene comparison, several but different copies of stress-related gene analogs, including genes encoding the chaperone families (GroEL, GroES, GrpE, DnaK and DnaJ), caseinolytic proteases and cold-shock proteins (Csps), are found among Bifidobacterium animalis subsp. lactis strains. Ventura et al. (2007) stated that multiple copies of such genes presented in the genome may afford protection against different stresses or different levels of a particular stress. In this context, two copies of Csps may involve a cryoprotective response in protecting BF052 cells during the freeze-drying process. The first csp gene of BF052 is located upstream of the groEL. This Csp protein shares significant amino acid homology with the CspA family of Escherichia coli of about 30.1%-44.4% (Yamanaka, Fang and Inouye 1998). However, this gene copy was not found in AD011 genome. For the second csp gene of BF052, it shares its amino acid similarity to the first Csp only of 15.3%. These two Csp proteins were reported to be important for survival and may either have a direct effect during freezing by stabilizing RNA and/or DNA, or may regulate the expression of other factors involved in the cryoprotective response (Wouters et al. 2001; Ventura et al. 2004) . In addition, the presence of genes is responsible for the removal of reactive oxygen species such as NADH oxidases and peroxidases, and super oxide dismutase, for reducing H 2 O 2 such as thioredoxin and peroxiredoxin reductases and for the repair of nucleotides caused from oxidative damages, such as peptide methionine sulfoxide reductase, ribonucleotide reductase, alkyl hydroperoxide reductase and nucleoside pyrophosphohydrolase, thus allows BF052 conferring oxygen tolerance better than others, including Bifidobacterium aldolescentis, Bifidobacterium longum, Bifidobacterium breve, Bifidobacterium bifidum and other commercialized B. animalis subsp. lactis strains (Charnchai et al. 2016) . Furthermore, BF052 genome possesses F 0 F 1 -type ATP synthase system, cystathionine β-lyase, cystathionine γ -synthase and cystathionine β-synthase, thus probably being responsible for survival under acidic stresses (Jin et al. 2012) , and cholylglycine hydrolase thus to confer protection to bile salt stresses (Ruiz, Margolles and Sánchez 2013) . It was also reported that the expression of the tight adherence (tad) locus in B. breve UCC2003 and sortase-dependent pili clusters in B. bifidum PRL2010 was enhanced in the GI tracts of mice and was required for efficient colonization in the presence of a competing microbiota (O'Connell Motherway et al. 2011; Turroni et al. 2013) . Therefore, the presence of genes encoding tad pili and sortase in BF052 may play a pivotal role in its high attachment capability to intestinal epithelial cells. Despite the genetic homogeneity among B. animalis subsp. lactis, inter-strain functional differences were observed. In comparison with BB-12, BF052 was considerably more tolerant to the simulated gastric juice at pH 2 and had significantly higher adherence ability to Caco-2 cells (Charnchai et al. 2016) . Although the number of predicted genes involved in acid responses between BF052 and BB-12 was not different, BF052 displayed a higher number of genes involved in cell attachment. This result suggested that some phenotypic characteristics may exhibit at different levels under the same genetic trait. The variations among the strains may be due to difference in their isolation sources (Table 1) . In this regard, isolation and screening of strains from human origin may enhance chances of survival against the GI transit and may increase the likelihood of compatibility with the human gut including the adhesion ability (Amund et al. 2016) . In addition, probiotic properties might be changed even the same strain depending on the manufacturing and processing conditions (Grześkowiak et al. 2011; du Toit et al. 2013) . In contrast to those of previous reports, BF052 still maintained its original characteristics, even though it encountered stressful conditions throughout the manufacturing processes and biological barriers during the GI transit. Therefore, it is reasonable to conclude that the resilience to the adverse food-processing conditions is a distinctive feature of BF052. This strain may be used as an effective probiotic starter as a genetically stable strain for industrially important probiotic products.
Growth behaviors during the fermentation of soymilk
Food matrix serving as the probiotic vehicle should specifically support the probiotic growth during fermentation. In Table 2 , results revealed that all probiotic strains were capable of growing (groEL, groES, dnaK, dnaJ and grpE) , caseinolytic proteases (clp) and cold-shock proteins (csp), which are responsible for temperature tolerance; genes encoding thioredoxin reductase (trxR), nucleoside triphosphate pyrophosphohydrolase (mutT), ribonucleotide reductase (rnr), peroxiredoxin (prx), redox proteins (ahpC/osmC), peptide methionine sulfoxide reductase (msr) and coproporphyrinogen III oxidase (hem), which are responsible for oxygen tolerance; genes encoding F0F1-type ATP synthase (atp), cystathionine β-lyase (cbl), cystathionine γ -synthase (cgs), cystathionine β-synthase (cbs) and choloylglycine hydrolase (cgh), which are responsible for acid and bile tolerance; genes encoding pilus assembly proteins (tight adherence; tad), sortase (surface protein transpeptidase; srt), enolase (eno) and transaldolase (tal), which are responsible for adhesion ability. The locus tag in the diagram indicates its position in the genome.
in soymilk without additives. It was reported that mixed cultures with Streptococcus thermophilus reduced populations of bifidobacteria (Champagne et al. 2009 ). However, no significant differences (P > 0.05) were observed in cell counts either fermented with single culture of BF052 or in combination with S. thermophilus in this study. In addition, BF052 cells in soymilk fermented with Lactobacillus bulgaricus were significantly higher (P ≤ 0.05) than those in the pure culture. In contrast, the viable cells of L. bulgaricus slightly decreased after fermentation for 24 h compared with those in the single culture. Wang, Yu and Chou (2002) revealed that the numbers of bifidobacteria in the mixed culture with L. bulgaricus were higher than the single culture, and the acetate accumulation by bifidobacteria exerted a detrimental effect on the growth of L. bulgaricus. Farnworth et al. (2007) proposed that L. bulgaricus could enhance the growth of the streptococci in milk by producing small peptides and amino acids. On the other hand, S. thermophilus supported the growth of L. bulgaricus by producing formate under anaerobic conditions. Likewise, a cooperative relationship with respect to viable cells was also observed in soymilk fermented with S. thermophilus and L. bulgaricus in this study. During the first 12 h, approximately 1 log increases in numbers of S. thermophilus and L. bulgaricus were observed when both starters were added together compared with the pure cultures ( Table 2) . The numbers of BF052 in soymilk fermented with those starter cultures were also significantly higher (P ≤ 0.05). It was likely that some symbiotic elements produced by these two starters might also occur in the soy beverage. Champagne et al. (2009) also noted that the development of fermented products containing probiotics required the ability of the promising strains to grow in the substrate, to compete or even to establish a synergy between strains. In the present study, the growth behavior of BF052 prepared with commercial starters fulfills these preliminary requirements with respect to high viable cell numbers throughout the fermentation period. This result indicated that BF052 could be supplemented as a probiotic starter that employed soymilk as the substrate. Figure 3A shows changes in pH of soymilk during soymilk fermentation. The pH changes of each strain appeared to be strain dependent. A significant reduction (P ≤ 0.05) in pH was noted in soymilk fermented with merely S. thermophiles, whereas the lowest change was found in soymilk inoculated with L. bulgaricus. In mixed cultures, pH values of soymilk prepared in combination with S. thermophilus also significantly declined (P ≤ 0.05) during the first 12 h of cultivation. Generally, milk yogurt production was carried out until a pH of 4.5 was reached (Mani-López, Palou and López-Malo 2014). In this study, the shortest period of fermentation to reach a pH of 4.5 could be obtained with the mixed cultures of BF052 along with S. thermophilus and L. bulgaricus in soymilk. The faster reduction of pH values during fermentation suggested a greater rate of organic acids production in fermented soymilk. Textural profiles of fermented soymilk prepared either individually or in combinations with commercial starters were determined during fermentation (Fig. 3B) . Damin et al. (2008) thermophilus-L. bulgaricus-BF052 (1.00-1.10 N) significantly improved (P ≤ 0.05).
Changes in pH and textural characteristics of soymilk during fermentation
The higher firmness of the yogurt-like texture was noted only in the presence of co-fermentation of S. thermophilus and L. bulgaricus based on our study. Interestingly, firmness exhibited even higher values in soymilk prepared in conjunction with those starters and BF052. Sah et al. (2016) demonstrated that lower firmness might result from larger pores in the gel networks, thus reducing cross-linking between molecules and causing a weak gel. Casarotti et al. (2014) also suggested that formation of a weak gel might involve an acidification rate during the development of protein networks. In general, a higher firmness has been related to a longer fermentation time. However, the extension of fermentation time might lead to structural rearrangements and therefore lower gel stability and higher levels of syneresis (Sah et al. 2016) . In this study, soymilk fermented with S. thermophilus-L. bulgaricus showed a significant reduction (P ≤ 0.05) in firmness after 24 h of cultivation, while no significant difference (P > 0.05) was observed in S. thermophilus-L. bulgaricus-BF052 throughout the fermentation period.
Sensory evaluation of fermented soymilk
The results revealed that there were no significant differences (P > 0.05) in the overall preferences of fermented soymilk collected at 12 h and 16 h incubation (Fig. 3C) . The appearance, taste and overall acceptability were scored as the best in fermented soymilk with all three cultures harvested at 16 h, whereas the fermented soymilk at 12 h fermentation had the highest score for odor and texture. In addition, soymilk collected at pH 4.5 fermented without S. thermophilus and fermented for 24 h had the lowest score for all appreciation (Table S1 , Supporting Information). This result indicated that the evaluation scores decreased when fermentation period was extended. Considering consumers' preferences, acetate may be considered as an undesirable product in fermented soymilk due to its vinegary flavor. Interestingly, the co-cultivation of three cultures in this study showed low acetate production, although all strains grew well and reached populations above 10 9 CFU mL −1 since 12 h of incubation. Approximately 1 and 3.5 g/L of acetate and lactate were produced, respectively, after 12 h incubation (Fig. 3D) . Based on our results, BF052 produced the same ratio between lactate and acetate representing a strong off-flavor in fermented soymilk. However, this effect could be diminished with fermentation using mixed cultures. The odor attribute of soymilk fermented for 12 h was the most preferable by the panelists, and this was probably due to its lower acidity and milder aroma. The results suggested that mixtures of lactobacilli and bifidobacteria allowed balancing in acidic flavors thus resulting in a more acceptable product. This might cause from the higher production of lactic acid by mixed cultures. In addition, the appearance and texture of fermented soymilk generally refers to the homogeneity of the products and degree of uniformity of particles perceived inside the mouth. In our study, there were no significant differences (P > 0.05) in the appearance and texture between fermented soymilk collected at 12 h and 16 h of fermentation. Sah et al. (2016) revealed that a syneresis is a major visible defect, appearing as separation of the liquid phase on the surface of yogurt gels. During growth, pH reduction causes rearrangement of the protein network resulting in loss of yogurt gel ability to entrap water phase and thus weakening of gel structure. This change leads to an increase in the number of particleparticle junctions and causes the gel to retract, expelling its interstitial fluid. As a result, it adversely affects the consumer acceptability of product, not only the appearance characteristic but also the texture of product. Based on our result, a significant increase (P > 0.05) in syneresis was observed after 20 h incubation and probably had an impact on the reduction of overall product acceptability. Therefore, extending the fermentation time not only increased the fermentation cycle resulting in accumulation of fermentation products and change in the physicochemical properties of the soymilk but also considerably affected the organoleptic properties of the product. To summarize, this study presents relevant information on microbial, physicochemical and sensory properties of the probiotic-fermented soymilk and may provide preliminary guidelines for developing other new probiotic-containing products.
Predicted enzymes for soymilk utilization in BF052 based on its genome sequence
To grow on soymilk, α-galactosidases are required by most microorganisms to utilize α-galacto-oligosaccharides, such as tetra-saccharide stachyose, tri-saccharide raffinose and disaccharide melibiose (van den Broek et al. 2008) . The soymilk utilization pathway in BF052 (Fig. 4A) , illustrated through KEGG pathway database, revealed that only stachyose synthetase (EC: 2.4.1.67) was not observed in BF052 (Kanehisa and Goto 2000) . Pokusaeva, Fitzgerald and van Sinderen (2011) suggested that the majority of bifidobacterial strains possess at least one copy of gene encoding α-galactosidase. The screening of BF052 genome sequences revealed three α-galactosidase-encoding genes (GU89 07770, GU89 08055 and GU89 08080). To examine relationships among each predicted α-galactosidase of BF052 and other representative bifidobacterial strains, a phylogenetic analysis comparing full-length amino acid sequences of α-galactosidase was constructed by the neighbor-joining method.
The results indicated that identified α-galactosidases could be grouped into three different phylogenetic clusters and allowed discriminating B. animalis subsp. lactis from other Bifidobacterium species (Fig. 4B ). This analysis was further substantiated by the comparative α-galactosidase gene clusters of BF052 and other bifidobacteria. It displayed three main loci of putative α-galactosidase-encoding genes (Fig. 4C) . The amino acid identity of each predicted α-galactosidase revealed that B. animalis subsp. lactis BB-12 showed high sequence similarity to α-galactosidases of BF052, whereas B. breve UCC2003 exhibited the lowest identity. However, the high amino acid similarity did not necessarily indicate common structural and physicochemical properties of enzymes (Goulas et al. 2009 ). Further comparative analysis of BF052 and other bifidobacteria revealed that B. breve UCC2003 and BF052 strains possess the ability to efficiently utilize raffinose, stachyose and melibiose. However, O'Connell et al. (2013) demonstrated that two adjacent genetic loci in B. breve UCC2003, encoding only two α-galactosidases (specified by rafA and melE) and α-glucosidase (specified by melD), dedicated to the utilization of α-galactose-containing oligosaccharides and α-glucose-containing tri-saccharide, melezitose, respectively. Transcription of the raf gene cluster was induced in the presence of either raffinose, melibiose or stachyose. The rafA gene is thus presumed to be responsible for the breakdown of those sugars via hydrolysis of the α-(1→6)-glycosidic bond, thereby releasing galactose. The neighboring rafBCD genes, which are predicted to specify a solute binding protein and two permeases of a putative ATP-binding cassette-type sugar uptake system, respectively, are present in almost all publicly available bifidobacterial genomes except for those B. bifidum ATCC 29521 and PRL2010. In addition, RafR, encoding a putative ROK-type transcriptional regulator of the rafBCD cluster was found (Fig. 4C) . Moreover, the α-galactosidase of B. breve UCC2003 and B. adolescentis DSM 20083 possessed the ability to hydrolyzes not only the α-(1→6)-galactosidic bonds from raffinose and stachyose but also the α-(1→4) and α-(1→3) bonds of two galactobiose substrates (Leder, Hartmeier and Marx 1999; O'Connell et al. 2013) . The α-galactosidase from B. bifidum JCM 1254 was shown to be capable of hydrolyzing α-(1→3)-linked galactose. However, it lacked an ability to hydrolyze α-(1→4)-galactosidic linkages (Wakinaka et al. 2013 ). Furthermore, O'Connell et al. (2013 also investigated the role of another α-galactosidase, MelE, in the utilization of raffinose-containing carbohydrates. It was observed that the putative α-galactosidase MelE failed to exhibit hydrolytic activity toward raffinose, stachyose or melibiose but had a capability to hydrolyze α-(1→4)-and α-(1→3)-galactobioses. They also reported that the melE gene was co-transcribed in a melezitose-induced gene cluster and was also involved in the metabolism of a melezitose-related carbohydrate that contained one or more α-galactose moieties linked through α-(1→4)-and/or α-(1→3)-glycosidic bonds. However, homologs of the mel gene cluster are lacking in many bifidobacterial genomes, including BF052, as schematically depicted in Fig. 4C . The predicted α-galactosidase encoded by BF052 displayed sequence similarity to melE of B. breve UCC2003 of only 37.6%. Therefore, the ability of each α-galactosidase presented in BF052 genome should be further investigated to specify its function and regulation in utilization of certain α-galactose-containing carbohydrates. Existence of α-galactosidases in BF052 may indicate the capability of this bacterium to utilize soymilk-derived α-galacto-oligosaccharides not only in a medium for delivering probiotics but also in the human GI environment.
